Haemoglobin (Hb) SC is one of the most prevailent sickle cell disorders. Patients with Hb SC are known to inherit a beta(S)-globin gene from one parent and a beta(C)-globin gene from the other. The radiofrequency dielectric properties of heterozygous Hb SC have been investigated and compared with those of homozygous Hb SS and AA in solution. The relative permittivity, e', the dielectric loss factor s" and the energy dissipation factor tan d of the different haemoglobin samples have been measured in the frequency range 0.1-50.0 MHz using a Marconi Q-meter, TF1245 working in conjunction with an oscillator, TF1246 at a room temperature of 26.0 ± 0.5°C. The Hb SC samples were found to exhibit dielectric dispersions distinctly different from those of Hb SS and AA. The dielectric data were fitted to the Cole-Cole structural equation and the fitted parameters were presented. The results have been discussed on the basis of the molecular structure and polymerization characteristics of the haemoglobins in solution.
-Introduction
The dielectric technique presents a well-established tool for studying structural changes in biological molecules (Debye,1929; Cole and Cole.1941 ). Characteristic dielectric dispersions have therefore been used to explain the molecular structure and intermolecular interactions of a number of proteins in solution(Scliwan,1963;Grant et aU978; Pethig,1979; Laogun et al,1984; Laogun and Sheppard,1984) . Haemoglobin is an oxygen carrying protein found in mammalian blood ceils and about 96 per cent of the molecule is protein while the remainder is a highly coloured prosthetic group called heme which is a complex of iron and proto-porphyrin. Normal human haemoglobin A contains two pairs of alpha and beta polypeptide chains, each comprising-of more than 140 ammo acid residues. Certain haemoglobin abnormalities are however caused by a. single amino acid substitution in the 6th residue. The substitution of vaiine for glut ami c acid produces abnormal haemoglobin S(sickle) while a substitution of lysine results in abnormal haemoglobin C. It has been established (Louderback and Shanbron.,1967) that the change in electrical charge produced by a single; amino acid substitution is sufficient for electrophoretic separation of the different haemoglobins.
Homozygous sickle cell haemoglobin SS is the commonest of the red blood cell abnormalities, especially in Nigeria. It is known (Laogun et al,1983 )that the origin of this disorder is the deformability or sickling of the erythrocytes a,nd the intracellular haemoglobin S has been particularly implicated in the abnormal rheology of the cells during deoxygenation (Dintenfass,1976; Chien, 1975) . The tendency of the intracellular haemoglobin S to polymerize, forming gels, has been a dominant factor in the pathophysiology of the disease. Heterozygous Hb SC patients are also known to have a life-long haemolytic anaemia of moderate severity and develop vaso-occlusive episodes and organ damage similar to those encountered in homozygous lib SS anaemia (Sergeant and Sergeant,1972) and it is generally believed that the clinical manifestations of lib SC disea.se reflect extensive formation of the intra-cellular polymers as in SS.
A large number of previous studies (Grant et al,1.971: Noguchi et al, 1980; Adachi and Asakura,1981; Delalic et al, 1983 ) have focussed attention on the characteristics of Hb A and also Hb S in solution whereas virtually little or no information exists on the dielectric behaviour of Hb SC. The present study is therefore: aimed at investigating the dielectric properties of heterozygous lib SC using erythrocyte-lysed samples and comparing the results with those of lumiozygous Hb SS and AA. It is hoped that this will help to explain in greater detail the mechanism of action of the haernejlytic disorders of the blood.
II -Materials and Methods
Human blood samples were collected from 12 male subjects with ages between 10 and 40 years who were attending the Fen Laboratory Blood Bank Centre, Benin City for genotype screening and were confirmed to have haemoglobins SC, SS and AA respectively. Four subjects were selected for each genotype. Each blood sample was collected by venipunctare using a 20 G hypodermic. noodle attached to a disposable plastic syringe . After collection ,ea.ch sample was introduced into a heparinised pla,stic tube and shaken gently to avoid coagulation. The blood was then centrifuged at 10,000 revolutions per minute (RPM) for 25 minutes using a Minor (MSE) table centrifuge. The plasma was removed by suction and the packed red blood cells which remained were washed 3 limes with normal saline solution and then haemolysed with one and a. half its volume of distilled water and a small amount of carbon tetrachioride. The centrifuge tube was corked with a rubber stopper and shaken for about 5 minutes. The mixture was then centrifuged and the pure haemoglobin solution at. the top was collected. The percentage of the haemoglobin in each solution was determined by drying a small known volume to constant weight in an oven maintained at a temperature of 'iO.0°C. The mean percentage haemoglobin in solution was found to be 7.83 ± 1.10.
Dielectric measurements were then carried out on each haemoglobin sample by using a. resonance technique involving a commercially available magnification meter (Marconi Instrument Co. U.K.).This consists of a Q-meter'TF12-'15 working in conjunction with an oscillator TF1246 covering the frequency range 0.4 -aQ.QMllz. The sample cell used in the experiment contained two brass circular electrodes each having a. diameter of approximately 0.6 cm with an inter-electrode distance of 6 cm. The residual capacitance of the cell and the cell constant were determined from measurements on air and distilled water and checked by similar measurements on glycerol and ethanol. Details of the dielectric measurement technique and correction for electrode polarization effects have been reported elsewhere (Laogun et, al,1983; Laogun,1986) . Each sample was introduced into the cell and the relative permittivity •! and dielectric loss factor e" were determined over the frequency range from 0.1 to 50.0 MHz at a room temperature of 26.0 ±0.5°C. The variation of tan delta (Ian 8 = |r) over the frequency range was also determined. The estin.ia.lec] uncertainty using this technique is around ±6.0 percent for the measured dielectric quantities.
Ill -Results Figure 1 shows the relative permittivity e' dispersion curves for lib SC, SS and AA in the frequency range 0.1 -50.0MHz, while table . 1 gives t.he mean values of £.' and standard deviations at. certain selected frequencies to show, the; spread. These; results show noticeable differences in the radiofrequency dielectric behaviour of the haemoglobins at low frequencies which gradually disappear towards the high frequencies. lib SC exhibits larger dielectric decrement (ej. -£^,) than lib SS but smaller Mian Hb AA. Also, the dielectric relaxation curve for lib SC is broader and lias a, relaxation frequency higher than for lib SS and AA respectively. A plot of the variation of the dielectric loss factor, £•' with frequency in figure 2 exhibits more pronounced differences in the dielectric behaviour of the different haemoglobins, especially between 0.1 and around 10.0 MHz. This can also be seen in table 2 which gives the loss factor data with the standard deviations at certain selected frequencies, Hb AA has the largest dielectric loss with a maximum s' : m of 760 ± 22 at a relaxation frequency of around O. SO MHz. The Hb SC and SS appear to have similar loss characteristics with almost equal maximum loss.but occurring at different relaxation frequencies of 1.0 and 0.75 MHz respectively a,s shown in table 3 .
In order to have a clearer picture of the dielectric dispersion characteristics of. the different type of haemoglobins,the frequency variation ol the loss tangent (tan d = S") ^7as evaluated. This method has been found to be quite effective for vivid characterization of the dominant dielectric relaxation processes in biological systems (Surowiec and Stuchly,1986 ) including protein molecules in aqueous solutionsfSurowiec.1978). Figure 3 shows the frequency dependence of the loss tangent for Hb SC, SS a,nd A A. Each dispersion curve is bell-shaped and has a peak value of tan d at a characteristic frequency. //• given in table 4.It should be noted that jx is usually higher than the relaxation frequency fn for all dispersion mechanisms(Surowiec and Stuchly,3.986). The peak tan 0 value for Hb SC is the same as for Hb SS, but less than for Hb AA. This is in conformity with the high dielectric loss due to high dipolar orientation of molecules in Hb AA and lower dielectric loss in Hb SC and SS, possibly due to some degree of polymerization in the samples. Table 4 also contains the relaxafion distribution coefficient aj calculated from the empirical equation (Surowiec and. Stuchly,1986) given by : 
IV -Curve -fitting Procedure
Early studies by Schwan.,1963 and Grant,1969 have indicated that the ColeCole? structural model could be effectively used to describe the frequency dependence of the dielectric properties of long chain protein molecules in solution. Using a complex curve-fitting routine(Sheppa,rd.l973), the measured values of the relative permittivity e' and loss factor e' 7 were fitted to the Cole-Cole structural equation (Cole and Cole,1941) given by :
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where; s" is the complex pc;rmittivity.e o is the permittivity of free space and a,, is the low frequency ionic conductivity of the haemoglobins in solution. The empirical relaxation distribution parameter a has values between 0 and "I and it is an index of ihe spread in relaxation time r. The computer-fitted dielectric parameters ^^.(s., -£ w ),(T a .a,/^ and the calculated value of relaxation time r are given in table 5. It is interesting to note that the relaxation spread para.mef,<;r a-x obtained from the tan d analysis agreed reasonably well with the corresponding fitted values.
V -Discussion and Conclusion.
The result obtained in this study KTIOWS that the dispersion of lib SO falls between those of Hb SS and AA. with lib AA having the largest dielectric decrement and Hb SS the smallest. The dielectric: relaxation mechanism for Hie three types of haemoglobins can generally be attributed largely to molecular dipole rotation under the influence of the applied electric field. This polarization mechanism corresponds to the Debye model(Debye, 1929) which considers protein molecules in aqueous solutions as rotating rigid spheroids or ellipsoids. The model allows for the evaluation of the relaxation time r which is related to the structural, thermodynamic and orientational propertics of the rotating molecules in solution.The molecular dipole moment ji can also be; calculated to further explain the rotational effect. Many long chain protein molecules such as haemoglobins and also polymers show broader dispersion curves and lower dielectric, loss than would be expected for a. single Debye relaxation. The Cole-Cole's modification (Cole and Cole,1941 ) of the Debye model which incorporates a parameter a into the Debye equation,to account for the distribution of relaxation times can then be applied as done in this study. Another possible contribution to our observed dispersions could be; due; to the protonaticm of the haemoglobin peptide side chains due to the replacement of the ,36-glutamic a,cid in Hb A by /36-valine in Hb S,producing a. positive charge and also by ,36-lysine in Hb C producing a, double positive cha.rge-; (Lewis,1979) . Such distribution of charge could cause proton fluctuation along the surface of the protein molecules in solution (Kirkwood ,1939] ). Also, because of their small size, the mobility of the protons is higher than that of the other counterfoils. They therefore have greater effect on the dipole moment and on the total dielectric behaviour of the protein molecules in solution.
The broad e' exhibited by lib SC as shown by the high relaxation frequency, appears to originate from the heterogeneous distribution of both Hb S and C molecules in solution compared to Hb SS and AA which, have homogeneous distribution of Hb S and A molecules respectively. This explanation is also supported by the fact that both C and S molecules are known to exist in the same proportion in the encapsulated lib SC red cells where they copolymerize (Bunn  et a!.,1982) . Similar broadening which was also reported previously(Lindstrom and Koenig ; i974;Lindstrom et a.1,1976) Ironi nuclear magnetic relaxation studies of haemoglobin molecules in solution was linked with polydispersity.
Relaxation time is a very useful parameter in orienta.tional relaxation processes of protein molecules in aqueous solutions as it gives a measure of the rotational freedom of the molecules in their microscopic environment. From table 5 which gives the relaxation times for the dielectric dispersions of Hb SC, SS and AA respectively as obtained from their fitted values of relaxation frequencies, it may be observed that the relaxation time for lib SC molecules is shorter than for Hb A A and SS respectively, while that of Hb AA is also shorter than Hb SS. It is of particular importance to note that our values of relaxation times of 187.24±6.30ns obtained for lib AA and 212.20±9.36ns for SS are quite comparable with similar results(180 ns for lib A and 240 ns for lib S) previously reported by Lindstrom et al.1976 from magnetic relaxation studies. Those results appear to agree with ours, showing that the orientational relaxation time for Hb SS molecules in cell-free solutions is longer than that, of Hb AA molecules of same concentration. We totally share their views that the high value of relaxation time exhibited by the Hb SS solution may result from an intcrrnolecular interaction not present in the Hb A A solution, and that such interaction may be responsible for the aggregation prior to the gelation of deoxy-Hb S molecules and ultimately for sickle cell disease. This also ties up well with the explanation given by Ada,chi and Asakura,1981 that the extremely low solubility of deoxy-Hb S allows for easy lormation ol the nuclei necessary for gel.at.ion.with the resulting ease ol polymerization.
The intrinsic properties of lib C molecules and their interaction with. Hb S in the Hb SC solution may be considered in explaining the relatively low value of relaxation time obtained for Hb SC in this study. We are in support of the siiggestion (Adachi and Asakura,1981 ) that the substitution of lysine for glutamic acid at the /?6 position in Hb C helps to inhibit the formation of the nuclei for gelation and also stabilizes the intermolecular interactions for crystal formation more strongly, ensuring that the concentration ol monomeric haemoglobin in Hb C is high prior to crystallization, lib C thus crystallizes more easily than lib S and Hb A respectively. Furthermore, the solubility of haemoglobin C is also known to be higher than those of Hb A and S (Adachi and Asakura,1981) . Therefore, the presence of lysine in lib C. coupled with the high solubility of the haemoglobin may tend to reduce the Hb S type ol polymerization while increasing the nucleation process for crystal formation in its copolymerization reaction with lib S. This may ensure that the polymerization in the Hb SC solution is generally obtained by a crystallization nucleation process which is different from the predominant gelation nucleation in Hb SS. In conclusion, it may be said that the different polymerization process in Hb SC is largely responsible for its relatively low value of relaxation time.
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